Strongly Anisotropic Magnetic Phase Diagram of CeAu 2 Ge 2 



O 

(N 

Or 

CO 
00 



s 

O 

o 



> 
in 

ON 

o 



X 



V. Fritsch 1 !^ P. Pfundstein 2 , P. Schweiss 3 , E. Kampcrt 4 , B. Pilawa 1,3 , and H. v. Lohneyscn 1,3 
1 Karlsruher Institut fur Technologie, Physikalisches Institut, 76131 Karlsruhe, Germany 
2 Karlsruher Institut fur Technologie, Labor fur Elektronenmikroskopie, 76131 Karlsruhe, Germany 

3 Karlsruher Institut fur Technologie, Institut fur Festkorperphysik, 76131 Karlsruhe, Germany 
4 Helmholtz-Zentrum Dresden-Rossendorf, Hochfeld-Magnetlabor Dresden, 01314 Dresden, Germany 

(Dated: September 9, 2011) 

CeAu2Ge2 single crystals (tetragonal ThCr2Si2 structure) have been grown in Au-Ge flux (AGF) 
as well as in Sn flux (SF). X-ray powder-diffraction and EDX measurements indicate that in the 
latter case Sn atoms from the flux are incorporated in the samples, leading to a decrease of the lattice 
constants by « 0.3% compared to AGF samples. For both types of samples, a strong anisotropy 
of the magnetization M for the magnetic field B parallel and perpendicular to the c direction 
is observed with M\\/M±_ ~ 6 — 7 in low fields just above 10 K. This anisotropy is preserved to 
high fields and temperatures and can be quantitatively explained by crystal electric field effects. 
Antiferromagnetic ordering sets in around 10 K as previously found for polycrystalline samples. 
From the magnetization data of our single crystals we obtain the phase diagrams for the AGF and 
SF samples. The magnetic properties depend strongly on the flux employed. While the AGF samples 
exhibit a complex behavior indicative of several magnetic transitions, the SF samples adopt a simpler 
antiferromagnetic structure with a single spin-flop transition. This effect of a more ordered state 
induced by disorder in form of Sn impurities is qualitatively explained within the ANNNI model, 
which assumes ferromagnetic and antiferromagnetic interactions in agreement with the magnetic 
structure previously inferred from neutron-scattering experiments on polycrystalline CeAu2Ge2 by 
Loidl et al. [Phys. Rev. B 46, 9341, (1992)]. 

PACS numbers: 71.27.+a, 75.30.Kz, 81.10.Jt 



I. INTRODUCTION 

Intermctallic compounds with ThCr2Si2 structure have 
been studied in depth in the past revealing new phenom- 
ena in different areas, e.g., unusual quantum criticality 
in YbRh 2 Si2 (Ref. [l|) or high-temperature superconduc- 
tivity in Fe pnictides^ Further, there is the evolution 
of spin-glass behavior in the series PrAu2(Gei_ a; Si a; )2 
(Ref. |), whose origin is still under debate 4£ In par- 
ticular the CeM2Ge2 and CeM2Si2 compounds, where 
M is a noble metal, exhibit a broad variety of ground 
states: The first heavy-fermion superconductor ever dis- 
covered was CeCu2Si2 (Ref. @). As opposed to the para- 
magnets CePt2Si2 and CeRu2Si2, where Ce is interme- 
diate valent^ in CeM 2 Ge 2 and CeM 2 Si 2 with M = Ag 
or Au, the Ce ions adopt a nearly trivalent state, result- 
ing in long-range antiferromagnetic order The exact 
nature of the antiferromagnetic ground state in these sys- 
tems, if present, e.g., whether it is commensurate or in- 
commensurate, helical, with the spins along the a or c 
axis, is determined by the complex interplay of crystal 
structure and the electronic structure, RKKY interac- 
tions and crystal electric fields, all of which may lead to 
pronounced anisotropies in the magnetic properties. 

In this paper we will focus on CeAu2Ge2. Despite the 
anisotropy of the magnetic structure most previous in- 
vestigations on CeAu2Ge2 were performed on polycrys- 
tals, where a Neel temperature of 16 K was reported^ 
In order to explore the role of anisotropy, several groups 
have recently grown single crystals by flux growth meth- 
ods, e.g., CeAu 2 Si 2 (Ref. [Til) and CeAg 2 Ge 2 (Ref.[U), as 
well as CeAu2Ge2 (Ref. Il3f) . Joshi et al. prepared single 





a (A) 


c(A) 


AGF VF527 


4.39248 


10.4736 


AGF VF474 


4.39233 


10.4654 


SF VF467 


4.38119 


10.4482 


SF VF526 


4.38026 


10.4446 



TABLE I: Lattice parameters of several CeAu2Ge2 samples 
derived from x-ray powder diffraction patterns. 



crystals of CeAu2Ge2 from Bi flux and found a strong 
uniaxial anisotropyj 1 * 3 - In this work we used two different 
flux materials (Sn vs. Au-Ge). Our investigations reveal 
a strong dependence of the magnetic properties on the 
flux employed. We discuss the magnetic phase diagram 
of CeAu2Ge2 determined from magnetization measure- 
ments, which crucially depends on magnetic anisotropy 
and crystal field effects. 



II. EXPERIMENTAL DETAILS AND SAMPLE 
CHARACTERIZATION 

Single crystals were grown from high-purity start- 
ing materials^ by a flux growth method in Au-Ge 
flux (AGF), utilizing the eutectic point in the binary 
Au-Ge phase diagram at 361°C, similar as described 
elsewherei 11 ' 12 Another set of samples was grown in Sn 
flux (SF). The samples grow in plate-like shapes of about 
half a mm thickness and an area of several mm 2 . 

All samples were characterized by x-ray powder diffrac- 
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FIG. 1: (Color online) Left: X-ray powder diffraction patterns 
of several samples of CeAu2Ge2 grown in Au-Ge or Sn flux 
(denoted by AGF and SF, respectively). The crosses mark 
the calculated peak heights and positions. The arrow in the 
top panel indicates Au inclusions. Right: (103), (112), and 
(004) peaks on an expanded horizontal scale. The vertical 
line illustrates the systematic shift of the center peak between 
AGF and SF samples. 





at% Ce 


at% Au 


at% Ge 


at% Sn 


AGF VF527 


20.45 


39.59 


39.96 




AGF VF474 


20.66 


39.51 


39.83 




SF VF467 


20.92 


36.25 


39.11 


3.73 


SF VF526 


20.38 


38.76 


36.62 


4.25 



TABLE II: Comparison of CeAu2Ge2 determined with EDX. 



tion. The diffraction patterns confirmed the samples to 
be single phase with ThCi'2Si2 structure, space group No. 
139. The powder diffraction patterns of the AGF and SF 
samples are shown in Fig. [T] The right-hand panel re- 
veals a clear shift of peak positions between AGF and 
SF samples, indicating that the lattice parameters of the 
SF samples are somewhat smaller than those of the AGF 
samples (see also Tab.|T|. 

We inspected the samples with scanning electron mi- 
croscopy. In addition to the homogeneous majority 
phase, a few light and dark inclusions were found, as 
shown in Fig. [2j In the AGF samples these inclusions 
were identified by EDX measurements as pure Au (light) 




FIG. 2: Electron microscopy pictures, left: sample VF474 
AGF, right: sample VF467 SF (see text for details) 



and pure Ge (dark), in the SF samples the inclusions 
turned out to be Au-Sn and Ge-Sn alloys. Pure Au is 
also visible as a tiny peak in the x-ray patterns of the 
AGF samples, as indicated by a small arrow in the upper 
left-hand panel of Fig. [TJ We estimate the total volume 
fractions of foreign inclusions to < 3%, as inferred from 
the nearby complete absence of inclusion-related x-ray 
peaks. 

Apart from these inclusions, the stoichiometry of the 
AGF samples closely resembles the nominal composition, 
while the bulk of the SF samples contains about 4 at% 
Sn (see Tab. [TTJ) . Since no Ce is incorporated in these 
inclusions, the inclusions are not expected to affect the 
magnetic properties of the samples. 

A single crystal of each batch was inspected by four- 
circle x-ray diffractometry to determine the structural 
parameters. The results are summarized in Tab. IIIII 
They confirm the lattice parameters of the SF samples 
to be smaller than those of the AGF samples. The oc- 
cupancy of the Au site increases with increasing lattice 
parameter. With higher Au content the Au-Ge bond 
length grows, together with the distance of the Au-Ge 
layers. These findings corroborate the assumption that 
in the SF samples Sn is incorporated on the Au sites. 
However, one should note that the distance of the Ce-Ge 
layers is slightly reduced in the AGF samples compared 
to the SF samples. 

The magnetization M was measured with a commer- 
cial vibrating-samplc magnetometer (VSM) from Oxford 
Instruments in the temperature range between 1.6 and 
300 K in magnetic fields B up to 12 T. The magneti- 
zation measurements around « 2 K in fields up to 60 T 
were carried out at the Hochfeld-Magnetlabor Dresden in 
a pulsed magnet with 20 mm bore with an inductive coil 
system, as described elsewhere^ A digitizer recorded the 
signal of the pick-up coils, which was then integrated nu- 
merically. The signal of the field up-sweeps was affected 
by a spike at the beginning of the pulse and therefore 
corrected by a constant off-set extracted from the down- 
sweeps. The average of multiple sweeps obtained for each 
sample was calibrated with the VSM data. While this 
procedure worked well for the SF sample, the AGF sam- 
ple exhibits a noteworthy difference in curvature between 
the low-field VSM data and the pulscd-field data, which 
could not be resolved. The magnetic field was deter- 
mined by an additional set of pick-up coils calibrated by 
measuring the magnetization of MnF2 , which exhibits a 
well-known spin-flop transition at B — 9.27 Tj 16 i 17 

Preliminary resistance measurements have shown a 
room-temperature resistivity of about 50 /ificm for the 
AGF samples, for the SF samples the values vary between 
65 and 95 ^f2cm. However, the residual resistance ratio 
is between 2 and 3 for all samples, hence they are poor 
metals. These preliminary measurements of p(T) show a 
kink-like minimum at the Neel temperature that is used 
to corroborate the B-T phase diagram. 
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bond length 
Au-Ge 


layer distance 

Au-Ge 


Ce-Ge 


occupancy 

Au 


Ge 


AGF VF527 


2.6082 


2.8072 


2.4403 


0.968 


1.04 


AGF VF474 


2.605 


2.8016 


2.4374 


0.957 


1.05 


SF VF467 


2.5916 


2.7718 


2.4572 


0.920 


1 


SF VF526 


2.5915 


2.7661 


2.4577 


0.918 


1.02 



TABLE III: Single-crystal x-ray results for several samples of CeAu2Ge2. The occupancies are normalized to 100% Ce. 
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FIG. 3: (Color online) Left: Magnetization M vs tempera- 
ture T of AGF and SF CeAu2Ge2 with the magnetic field 
B = 0.1 T aligned either parallel or perpendicular to the c 
axis. The arrows in the upper frame mark additional anoma- 
lies in the magnetization curves (see main text). Right: Mag- 
netization M vs. external magnetic field B at T = 2.6 K of 
AGF and SF CeAu 2 Ge 2 . 



III. RESULTS 

The magnetic properties of CeAu2Gc2 at low tem- 
peratures differ substantially, due to the use of differ- 
ent fluxes but are reproducible for different batches of 
the same flux, as will be discussed in detail below. As 
a common feature, all samples show a strong magnetic 
anisotropy with the c axis being the easy direction. The 
left-hand panel of Fig. [3] displays the temperature de- 
pendence of the magnetization M in an external mag- 
netic field B = 0.1 T. The magnetization M shows a 
sharp peak at 12 K (AGF) or 9 K (SF) for B||c, but for 
B_Lc no anomaly is seen in the AGF samples and a very 
shallow maximum only in the SF samples. For B||c the 
AGF samples show an upturn of M below 3 K which is 
absent for SF samples, hinting at a more complex mag- 
netic structure in the former. No differences between 
zero-field-cooled and field-cooled data are found in any 
sample. Additionally an anomaly (marked by arrows) in 
the AGF samples is found at T « 15 K, close to the value 
for polycrystalline samples reported by Loidl et alJ^- 

The right-hand panel of Fig. [3] shows the field- 
dependent magnetization M at T = 2.6 K. The AGF 




FIG. 4: (Color online) Comparison of measured and calcu- 
lated magnetization of AGF CeAu2Ge2. For details see text. 
Left: Measured and calculated data for T = 2.6 K. The solid 
line is the calculated magnetization with the crystal-field pa- 
rameters from ref. [T3, the dashed lines indicate the magneti- 
zation for the pure |±|) and |t|) states. Right: Calculated 
and measured data for T — 10 and 20 K. For clarity, only the 
data taken with increasing field are shown. 



samples undergo for B||c several broad metamagnetic 
transitions with a sizable hysteresis, indicating first-order 
transitions. Upon further increasing the field, the mag- 
netization continues to rise weakly reaching M(12 T) = 
1.7/xb/Lu. in the two samples at B = 12 T (sec Fig. @] 
below). The SF samples exhibit only one, albeit very 
sharp, metamagnetic transition, as opposed to the more 
complex magnetic structure in the AGF samples. Upon 
decreasing field, a hysteretic tail is observed. 

We calculated the single-ion magnetic properties of 
CcAu2Gc2 on the basis of the crystal-field analysis of in- 
elastic neutron-scattering experiments by Loidl et al*^ In 
CeAu2Ge2 the two Ce sites are equivalent and of tetrag- 
onal site symmetry. The crystal-field operator is a linear 
combination of the operators 0°, O4 and 0\ with the 
coefficients 5°, B\ and B\. The J = | ground multiplct 
of the Ce 3+ ion is split into three doublets. The ground 
state is a nearly pure |±§) state and the first excited 
level a pure |±^) state. The excitation energies of the 
two excited states E\ and E2, the mixing angle between 



the |±|) and |t§) states and the crystal- field coefficients 
have been given by Loidl et alJ£ To calculate the field 
dependence of the magnetization and the temperature 
dependence of the magnetic susceptibility, we use in the 
parameters E\ = 11 meV, E2 = 17.2 meV and the mix- 
ing angle of 22.2° (ref. [l(J. The calculated M(B) curves 
are shown in Fig. |4] together with the experimental data 
of AGF CcAu 2 Ge 2 for T = 2.6 K (in the magnetically 
ordered regime), T = 10 K (close to the magnetic phase 
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FIG. 5: (Color online) Left: Magnetization M of SF (red cir- 
cles) and AGF (blue triangles) grown CeAu2Ge2 compared 
to the calculated data in fields up to 15 T with the mag- 
netic field B aligned parallel and perpendicular to the c-axis. 
Right: Magnetization M of SF (red circles) and AGF (blue 
triangles) grown CeAu2Ge2 compared to the calculated data 
(solid black line) in fields up to 60 T with the magnetic field 
B aligned perpendicular to the c-axis. The solid lines below 
12 T indicate the low-field VSM data. 



transition) and T = 20 K (in the paramagnetic regime). 

At high temperatures T = 20 K in the paramagnetic 
regime, the calculated M(B) curves coincide fairly well 
with our experimental data for both field directions, as 
shown in the right-hand panel of Fig. 2) As expected, the 
magnetization curve cannot be described within a single- 
ion model at lower temperatures where cooperative ef- 
fects gain importance: at T = 10 K in low fields B||c 
one can see clear deviations from the calculated behav- 
ior, in high fields measured and calculated data converge 
again. At 2.6 K the calculated single-ion magnetization is 
reached at high fields after the metamagnetic transitions. 

However, for B _L c the experimental data fall short of 
the calculated curve by a large margin. Moreover, there 
is a distinct difference between SF and AGF samples, 
as shown in the left-hand panel of Fig. [5] at 12 T the 
magnetization M of the SF sample amounts to only 60 % 
of the value of the AGF sample. In order to find the origin 
of these strong deviations from the calculated behavior, 
we performed magnetization measurements in fields B _L 
c up to 60 T, which are shown in the right-hand panel of 
Fig. El 

The magnetization of the AGF sample increases 
smoothly with a downward curvature in the whole field 
range, approaching the calculated value at approximately 
40 T and then grows further closely following the calcu- 
lated M(B) curve. In contrast, the magnetization of the 
SF sample increases slightly supcrlinearly with an up- 
ward curvature at low fields, and exhibits a distinct kink 
at B* = 32 T, marked by the red arrow, and then in- 
creases further. At high fields the data agree fairly well 
with the calculated behavior. The small differences be- 
tween the measured data of the two samples at the high- 
est fields may be attributed to experimental errors in 
the exact calibration of the magnetometer. These might 
also account for the difference from the calculated curve, 
with the additional uncertainty in the determination of 
the mixing angle. 

The magnetic susceptibility x measured in low fields 



FIG. 6: (Color online) Inverse dc susceptibility x ~ Xo vs - 
temperature of CeAu2Ge2 in an external field B — 100 mT 
aligned B||c (left) and B_Lc (right). The solid red lines are 
calculated susceptibilities on the basis of the neutron scatter- 
ing data of Loidl et al^. For the determination of xo see 
text. For clarity the data are shifted by lOOmol/emu each. 

B = 0.1 T can be described taking into account the 
free- ion susceptibility of the 2 F 5 / 2 ground state modified 
by the crystal-electric-field splitting^ with an additional 
mean- field interaction constant A (ref . Il3r) . after subtract- 
ing a temperature-independent parameter xo accounting 
for the core and conduction electrons as well as for a small 
contribution due to the sample holder, which is sample 
and direction dependent: 



X - Xo Xcf 

Xo was obtained by adjusting the susceptibility to the 
calculated free-ion value at T = 300 K and takes values 
in the range between —2 • 10~ 3 emu/mol and —4 • 10~ 4 
emu/mol. A rough estimate of the diamagnetism of 
the core electrons based on a superposition of the val- 
ues given by Haberditzt^ for the single ions results in a 
lower boundary for the core contribution Xcore ~ 1-25 ■ 
10 -3 emu/mol, rendering this contribution quit sizable 
at high temperatures. The data shown in Fig. [5] agree 
very well for both field directions with the calculations 
using an isotropic mean- field constant A = —8 mol/emu 
(in contrast to the direction-dependent parameters dif- 
fering by a factor of 5 found in ref. [l3h . The Curie- Weiss 
temperature 0cw is obtained from the data via 

y_Yn = XCF = XCfT = 2 

XQ 1-Xxof T-XxcfT — T-Bcw 

using the Curie constant C = XcfT = 0.807 emu/mol K 
for Ce 3+ yielding dew = XcfT- X —6.5 K, in line with 
the overall antiferromagnetic order in this system. 

In order to characterize the complex magnetic behav- 
ior of AGF CeAu2Ge2 in more detail we performed mea- 
surements of the magnetization on one sample at various 
temperatures and fields. In the left-hand panel of Fig. [Jj 
temperature sweeps of the magnetization M(T) between 
2 and 50 K in different magnetic fields are displayed. As 
expected for antiferromagnetic order, the maximum in 
M(T) moves to lower temperatures with increasing field. 
In high fields an additional anomaly develops at higher 
temperatures. By close inspection of the M(T) data, this 
anomaly can be traced to low fields, it is even visible in 
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FIG. 7: (Color online) Left: Magnetization M vs. tempera- 
ture T in different magnetic fields B||c. Right: M vs. external 
magnetic field B||c at different temperatures T. 




FIG. 8: (Color online) Magnetic susceptibility \ = dM/dB 
of CeAu 2 Ge 2 versus field B||c at 1.6, 2.6, 5, 7 and 10 K. 

0.1 T, as marked by arrows in Fig. [3J The right-hand 
panel of Fig. [7] shows magnetic field sweeps (with in- 
creasing field only) at different temperatures. As already 
seen in Fig. [3J the positions of the metamagnetic transi- 
tions in the AGF samples at low temperatures are slightly 
sample dependent. Furthermore, the values of M at the 
'plateaus' between the transitions differ strongly for the 
two samples. For a better characterization of the meta- 
magnetic transitions the magnetic susceptibility dM/dB 
vs. B is plotted for one sample in Fig. [8j With decreas- 
ing temperature the metamagnetic transitions, visible as 
maxima in dM/dB vs B, become sharper. At T = 1.6 K 
four transitions can be clearly identified. 

IV. PHASE DIAGRAM AND DISCUSSION 

From our data we construct B-T phase diagrams of 
AGF and SF CeAu2Ge 2 for B||c. The results are shown 
in Fig. [SJ For the SF samples (right-hand panel) we have 
a single transition with anomalous hysteresis behavior 
separating the antiferromagnetic from the paramagnetic 
state. For the AGF sample the phase diagram (left-hand 
panel) reveals the existence of several magnetically or- 
dered phases. The introduction of Sn atoms through flux 
apparently prevents the formation of the different phases, 
indicating a simpler ground state. The introduction of Sn 
atoms in the SF samples yields a small peak in the M(T) 




T (K) T (K) 



FIG. 9: (Color online) B-T phase diagram of AGF (left) and 
SF (right) CeAu2Ge2 with the magnetic field aligned parallel 
to the c-axis. 



data for B _L c (see Fig. [3]) and, in addition, a clear sig- 
nature of a metamagnetic transition at B* = 32 T for 
B 1 c. Both these features for B _L c are absent for the 
AGF samples. Thus we conclude that CcAu2Ge2 may be 
viewed as a system where a comparatively simple order 
is stabilized by disorder: the introduction of disorder in 
the form of Sn impurities in the SF samples yields a sim- 
pler magnetic structure, while the AGF samples exhibit 
a complex magnetic order. 

The most frequent reason for impurities leading to a 
simpler magnetic structure is frustration, which could 
also account for the magnetization plateaus*^ However, 
frustration in our system might be excluded by way of the 
mean-field calculations of the magnetization described 
above, since the resulting Curie- Weiss Qcw temperature 
is of the same order of magnitude as the magnetic transi- 
tion temperature Tpf. Magnetization plateaus have been 
observed in isostructural TbNi2Ge2 (Ref. |20) . in some 
rare-earth monopnictides 21 , in PrGa2 (Ref. |22T). and re- 
cently in CeCoGe^. The strong magnetic anisotropy 
in all these systems confines the magnetic moments to 
the (001) direction, resulting in Ising-like behavior. In 
cubic CeSb the magnetization plateaus are assigned to 
fractions of the expected saturation moment of 2.1 \ib*^ 
The magnetization plateaus and the complex phase di- 
agram are explained by considering long-range interac- 
tions resulting in the periodic stacking of alternating fer- 
romagnetic planes, which are successively aligned along 
the external field with increasing fieldi 21 ' 24 

A relatively transparent model to arrive at a com- 
plex magnetic phase diagram is the anisotropic next- 
nearest neighbor Ising (ANNNI) model considered the- 
oretically by Bak and von Boehm 2 ^— , as well as Fisher 
and Selke i 28 ' 29 The ANNNI model can explain the com- 
plex phase diagram of CeSb with many incommensurate 
phases nicknamed 'devil's staircase'. We will tentatively 
discuss our results within this model. 

The ANNNI model assumes ferromagnetic nearest- 
neighbor in-plane interactions and antiferromagnetic 
next-nearest-neighbor interactions in the perpendicular 
direction, which would be in agreement with the mag- 
netic order in CeAu2Ge2 proposed by Loidl et al^. The 
competing interactions then yield different long-range pe- 
riodic magnetic structures in the B-T phase space. In 
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CcAu2Gc2 the magnetization plateaus cannot be mapped 
unambiguously to fractions of the saturation moment, as 
clearly seen from their sample dependence. Impurities in 
the sample are of course able to weaken the long-range 
interactions, reducing the steps in the magnetization to a 
small number, as observed in the AGF samples. In the SF 
samples the amount of impurities is significantly higher, 
destroying the long-range interactions almost completely 
and thus yielding a simple antiferromagnetic phase dia- 
gram. 

For a more quantitative comparison of the ANNNI 
model with the measured data a mean-field calculation 
with the two interaction constants, corresponding to the 
ferromagnetic and the antiferromagnetic interaction of 
the model, would be necessary. However, presently no 
experimental data providing values for these interaction 
constants are available. Furthermore, since the magne- 
tization plateaus are sample dependent, we assume that 
the interaction constants also are highly sensitive to the 
sample composition and the local microscopic environ- 
ment, making a more quantitative analysis difficult. 

It should be pointed out that the ANNNI model treats 
only spin degrees of freedom and is thus most suitable 
for insulating or semiconducting systems. In our case of 
metallic CeAu2Ge2 no features of a Kondo effect are seen 
in the magnetic properties. Hence, the conduction elec- 
trons do not seem to play a dominant role, so that the 
features observed here may be still discussed in terms 
of the ANNNI model. Of course the conduction elec- 
trons mediate the magnetic RKKY interactions. We note 
that weak features observed^ in dM/dB in Cc2Pd2Sn, 
clearly visible in dM 2 / dB 2 , were interpreted in terms of 
the Shastry-Sutherland model^ that supports decoupled 



triplet excitations in insulating magnets. 



V. CONCLUSION 

In conclusion, our experiments on single-crystalline 
CcAu2Ge2 grown from Au-Gc flux (AGF) or Sn flux 
(SF) show that the magnetic properties of this system 
depend strongly on the flux employed. The unusually 
high magnetic anisotropy for Ce compounds observed in 
this system, which is preserved at high temperatures and 
in high fields, is shown to be caused by the crystal elec- 
tric fields. While AGF samples show a complex magnetic 
order with several phases for the magnetic field along 
the easy direction, the SF samples undergo only a sin- 
gle (hysteretic) spin-flop transition to the paramagnetic 
state. The phase diagram constructed from magnetiza- 
tion data for the AGF samples can be explained qualita- 
tively within the ANNNI model. The SF samples, con- 
taining a considerable amount of Sn impurities, yield a 
simpler magnetic order. Thus CeAu2Gc2 can be viewed 
as one of the rare systems where the introduction of dis- 
order by impurities leads to a "less disordered" ground 
state. 
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